The RhĲI) complexes [( The synthesis of catalysts for the selective and efficient functionalization of C-H bonds remains a challenge. [1] [2] [3] [4] [5] [6] [7] [8] [9] In their seminal work, Shilov and co-workers found that Pt salts can activate and functionalize the C-H bonds of methane, resulting in oxidation to methanol and methyl halides when Pt IV is used as oxidant. [10] [11] [12] Numerous studies have sought to understand and improve the Shilov catalyst, 13-18 and several electrophilic late transition metal and main group reagents have been developed for light alkane functionalization.
The synthesis of catalysts for the selective and efficient functionalization of C-H bonds remains a challenge. [1] [2] [3] [4] [5] [6] [7] [8] [9] In their seminal work, Shilov and co-workers found that Pt salts can activate and functionalize the C-H bonds of methane, resulting in oxidation to methanol and methyl halides when Pt IV is used as oxidant. [10] [11] [12] Numerous studies have sought to understand and improve the Shilov catalyst, [13] [14] [15] [16] [17] [18] and several electrophilic late transition metal and main group reagents have been developed for light alkane functionalization. [19] [20] [21] [22] [23] [24] [25] These electrophilic catalysts are often inhibited by Lewis bases and, as a result, typically require superacidic media (e.g., oleum). The use of strong acid (HX) can lead to the formation of RX, and the electron withdrawing group "X" can protect the functionalized product from over-oxidation (e.g., MeOSO 3 H formation in H 2 SO 4 ); but, product extraction from strong acids can be problematic. Less electronegative metal centres should be less susceptible to inhibition by Lewis bases. Thus, moving to the left in the transition metal series provides a strategy to attenuate inhibition of catalysis in weaker acids. Earlier transition metal complexes can activate hydrocarbons. [26] [27] [28] [29] [30] [31] [32] [33] However, transition metals earlier than group 10 are likely to be more susceptible to oxidation in acidic media, which could place the catalyst in an oxidation state that is incapable of C-H activation (Scheme 1). Thus, a desirable but challenging aspect of developing catalysts using acidic solvents is maintaining efficient C-H activation. Rh catalysts provide a possible alternative to later metal and main group counterparts since C-H activation by RhĲI) complexes has been reported, [34] [35] [36] [37] but oxidation to Rh(III) can be facile 38 and, thus, rapid C-H activation in acidic media is potentially challenging. A major focus of C-H activation has been on aromatic hydrocarbons. For example, benzene is used to generate styrene and phenol. [39] [40] [41] [42] 
Measuring the effect of temperature on catalysis reveals that the highest TONs after 2 hours occur at 150°C for complex 1. Using complex 1 as a catalyst precursor results in a decrease in TONs at temperatures above 150°C, which is most likely due to catalyst decomposition (Fig. 1) . After 2 hours of reaction, complex 2 exhibits the highest TON at 130°C. The decrease in TON at higher temperatures for 2 suggests reduced stability compared to 1.
Experiments were performed to probe the H/D exchange as a function of catalyst concentration. By lowering the catalyst loading relative to benzene, an increase in TONs was observed for complex 1 (Fig. 2) . After 2 hours at 150°C, complex 1 shows 456 TONs to give a calculated TOF of 0.06 s −1 . However, no such increase was observed for complex 2. We suspect that complex 1 may undergo a binuclear decomposition; however, definitive conclusions cannot be drawn without more detailed kinetic analysis.
The selectivity of the reaction was determined by examining the H/D exchange of toluene in trifluoroacetic acid after 5% H/D exchange. The ortho : meta : para selectivity is 6.9 : 1 : 6.4 and 5.7 : 1: 5.2 for 1 (150°C) and 2 (130°C), respectively (Scheme 3). Deuteration of the methyl fragment of toluene was not observed, which is evidence against a radical mechanism. The selectivity is similar to electrophilic aromatic substitution and leads us to tentatively conclude that Rh is acting as an electrophile in the C-H bond breaking step.
We also explored the recyclability of complex 1. Complex 1, at 0.4 mol% relative to benzene, was dissolved in trifluoroacetic acid and C 6 D 6 in thick-walled (high pressure) glass tubes and Reactions performed using 1.6 mol% catalyst in C 6 H 6 with 17.5 equiv. DTFA relative to C 6 H 6 , 2 hours. TOs are average of at least two runs with standard deviation. TOs are defined as moles of deuterium incorporated into benzene per mole of catalyst, determined by GC-MS. heated to 150°C in an oil bath. After 24 hours, the reactions were sampled and analyzed by GC-MS, and then the volatiles were removed in vacuo. Fresh trifluoroacetic acid and benzene were added to the reaction vessels, and the experiments were repeated. For complex 1, this was successfully done 3 times for a period of over 72 hours with H/D exchange observed each time (Fig. 3) .
We probed the influence of cyclooctene on the H/D exchange reaction. The addition of free cyclooctene led to a decrease in turnovers for complex 2. For example, under our conditions (1.6 mol% 2 in C 6 H 6 with 17.5 equiv. of [D 1 ] trifluoroacetic acid relative to C 6 H 6 , 2 hours, 130°C), the addition of one equivalent of cyclooctene relative to 2 led to a decrease from 91 TO to 32 TO over two hours. This could be due to cyclooctene binding to the metal centre and either suppressing formation of the active catalyst or inhibiting the coordination of benzene.
Monitoring the reaction of 2 in HTFA by 1 H and 13 C NMR spectroscopy revealed that the initially coordinated cyclooctene is converted to the cyclooctyl trifluoroactate. Indeed, Nordlander et al. reported that cyclooctene in trifluoroacetic acid reacts to form cyclooctyl trifluoroacetate. 50 Thus, additional COE may bind to the metal centre until it is consumed to give cycloctyl trifluoroacetate and the active catalyst species. We explored the reaction mechanism by DFT calculations at the M06 level of theory. Our reference complexes were ĲL)RhĲTFA)ĲTFAH) (3 and 4 for L = F1 DAB or BOZO, respectively); these being the presumed species after the COE is converted to cyclooctyl trifluoroacetate (eqn (2)).
We hypothesized that C-H activation of benzene could proceed through one of four routes. The first route is by direct oxidative addition to ĲL)Rh The final route we considered is the oxidative addition of benzene as in the first route, but with isomerization to a Rh III (η 2 -H 2 ) adduct leading to H/D exchange ( Fig. S8 and S9 in the ESI †). We found that for both complexes 3 and 4 the first two scenarios (direct oxidative addition of benzene and IES) are the most likely, with very similar barriers.
Direct oxidative addition and IES of benzene by 3 is shown in Scheme 4. The lowest transition state found for oxidative 
